Behavioral and biochemical studies have suggested that fetal striatal grafts in the adult rat neostriatum can reverse deficits induced by excitotoxic lesions of the host caudate tissue. In this study, fetal day 17-16 striatal grafts were examined at 2, 5-6, 12, and 44-46 weeks following their implantation into saline-or kainic acid-treated host caudate nucleus in order to compare the neuronal organization of the grafts and the host caudate nucleus and to determine whether the differentiation of graft tissue was influenced by the period of implantation or prior lesion of the host caudate nucleus with kainic acid. Compared to host neostriatum, the grafts at the light-microscopic level lacked bundles of myelinated axons and had neurons that were tightly packed in clusters and rich in Nissl substance.
Neurons in the grafts were mostly of medium size, had significantly larger crosssectional areas, and more frequently exhibited indented nuclei than host caudate neurons. At the electron-microscopic level, grafts 2 weeks following implantation contained many features seen in the normally developing neostriatum, such as growth cones, immature synapses, and degenerating profiles. Grafts appeared mature by 5-6 weeks and contained at least 6 types of neurons and 6 types of axon terminals, which formed synapses with cell bodies, dendrites, spines, and axon initial segments. Both symmetric and asymmetric synapses were found within the grafts. The density of synapses was significantly lower in all the transplants than in host tissue, with the exception of the 5-6 week grafts, where values were statistically comparable to host caudate. A significantly higher proportion of axodendritic synapses was present in the graft neuropil than in the caudate nucleus. The lengths of the synaptic junctions in the grafts were the same as those in the neostriatum. There was little qualitative or quantitative difference in synaptic organization between transplants in kainic acid and sham-lesioned host, with grafts in both host treatment conditions exhibiting the same synaptic density and proportion of axodendritic/axospinous synapses. The development of a highly differentiated ultrastructure within striatal grafts is consistent with recent anatomical evidence showing interconnections between striatal grafts and host-lesioned caudate nucleus. Although graft neuropil shows striking similarities in neuronal organization to the caudate nucleus, it also exhibits some distinct differences that may have implications for understanding the functional properties of fetal striatal grafts in animal models of Huntington's disease.
Studies in different brain regions have demonstrated that fetal tissue implants can differentiate and establish functional connections in the host brain (Lund and Hauschka, 1976; Bjorklund et al., 1980; Das et al., 1980; Schmidt et al., 1981; Dunnett et al., 1982; Gage et al., 1983; Gibson et al., 1983) . Fetal striatal cell transplants into the neostriatum have been shown to partially reverse the motor deficits (Deckel et al., 1983 (Deckel et al., , 1986a (Deckel et al., , b, 1987 Isacson et al., 1984 Isacson et al., , 1986 and biochemical changes (Isacson et al., 1984 (Isacson et al., , 1985 that occur following chemical lesions in the rat caudate nucleus. Anatomical studies have also demonstrated that striatal grafts exhibit Golgi-impregnated neurons characteristic of the neostriatum (McAllister et al., 1985) and form afferent and efferent connections with host tissue (Pritzel et al., 1986) . Although light-microscopic observations have provided information about the general histological features of striatal grafts (McGeer et al., 1984; Isacson et al., 1985 Isacson et al., , 1986 Deckel et al., 1986a) , little is known about the synaptic organization of implanted fetal striatal cells that might underlie the functional effects and connectivity with host observed in the studies mentioned above. Since no direct quantitative approaches have been made, the extent to which graft and host striatal tissue share a similar synaptic architecture has been difficult to assess. It is also not known whether the synaptic organization of grafted striatal cells is influenced by the condition of host caudate neurons, i.e., intact or chemically lesioned, prior to implantation.
Anatomical studies were undertaken to examine the development and synaptic organization of fetal striatal implants in sham-lesioned or kainic acid-lesioned rat caudate nucleus, and to compare the organization of the transplants to that of the caudate nucleus. We used the same methods for making lesions and intrastriatal grafts that were used previously by Deckel et al. (1986a) to show the influence of striatal implants on recovery from motor dysfunction induced by kainic acid injections into the rat caudate nucleus. Within the grafts, we looked for qualitative indices of a developing neuropil, such as the maturity and diversity of synaptic contacts, the formation of myelinated axons, and the incidence of degenerating profiles. The morphological features in the grafts that were quantified and compared to host caudate nucleus included the size of neuronal perikatya, the frequency of medium-sized neurons with indented nuclei, the density of synapses, frequency of synaptic types (axodendritic and axospinous, symmetric versus asymmetric), and the length of synaptic contacts. These parameters were selected for quantitative measure because they have been used previously (Pasik et al., 1976; DiFiglia et al., 1979; Graveland and DiFiglia, 1985) to describe neostriatal organization.
A preliminary report of this work was presented previously .
within the boundaries of the neostriatum was measured from the drawings, using a digitizer (Graf-pen). The A-P level with the maximum cross-sectional area of each graft was determined by matching the stained sections with drawings from a rat stereotaxic atlas (Pelligrino et al., 1979) .
Size and frequency of cell types. Semithick sections of tissue that was selected from at least 2 grafts per age/treatment group were examined under 100 x oil immersion; all cells of medium size that contained a recognizable nucleolus were classified as having either an indented or unindented nucleus. Large neurons (longest axis >25 pm) with a nucleolus present were also recorded. The slides were marked solely with code numbers, permitting the classification to be performed blind by one of us. A total of 774 1 neurons were examined in the implants, and 2336 neurons in the host caudate tissue. A field was then selected at random and the contours of all neurons with medium-sized neuronal perikarya (IO-24 pm in their longest dimension on the eyepiece reticule) were traced at 1620 x using a drawing tube. The cross-sectional areas were determined using a digitizer. A total of 39 1 cells were examined in the implants and 130 neurons in host caudate tissue. Measurements of neuronal size were analyzed statistically using a 2-way analysis of variance (ANOVA), followed by the Newman-Keuls test for multiple comparisons of means (Zar, 1974) .
Materials and Methods
Preparation of fetal translants, sections host animals, and tissue
The protocol used for the preparation of host animals and striatal grafts was the same as that of. Deckel et al. (1986a) . Sprague-Dawley rats (female; n = 14) were anesthetized with chloropent (0.3 cm3/100 gm body weight) and given bilateral injections in the caudate nucleus of either 0.4 ~1 of PBS (sham-lesion control for nonspecific tissue damage) or kainic acid (0.8 Kg kainic acid dissolved in 0.4 ~1 of PBS, pH 7.4, delivered at the rate of 0.1 ~I/90 set). One week following the injections, animals received mechanically dissociated nontrypsinized suspensions (2.4 ~1) of 17-18 d fetal striatal tissue at the following stereotaxic coordinates from bregma: A, 1.5 mm; L, 2.2 mm; and H, 4.5 mm (from dura). Preparations of the graft tissue involved dissection of the ventricular ridge from the embryonic brain, and trituration (about 5 x) of the striatal tissue with a glass pipette (bore size, 0.5 mm). Each dissected striatum served as tissue for one transplant.
Host animals were killed at 2, 5-6, 12, and 44-48 weeks following the fetal tissue transplant. Separate operating sessions and fetuses from different dams were used in half of the 5-6 week group and in the 44-48 week group. Different fetuses from 2 dams were used at random in one operating session to prepare grafts in the 2 week, half of the 5-6 week, and the 12 week groups. Two animals treated with saline and 2 treated with kainic acid served as hosts for each group of grafts aged 2, 5-6 and 12 weeks old. Two animals were hosts for the oldest grafts, which were 48 weeks old (in a saline-treated host) and 44 weeks old (in a kainic acid-treated host). In total, 26 transplants (12 in sham-lesioned and 14 in kainate-lesioned hosts) from 14 animals (see Table 1 for the number of grafts examined for each age/treatment condition) were examined.
The host rats were deeply anesthetized and perfused through the heart with 500 ml of a fixative containing l-2% paraformaldehyde and 1% glutaraldehyde in 0.15 m phosphate buffer at pH 7.3. The brain was left in the skull overnight in fixative at 4°C and removed the following day. The brain region containing the caudate nucleus was blocked in the coronal plane, and 50-pm-thick sections were cut through the caudate nucleus with a Vibratome. Alternate sections were set aside for light-and electron-microscopic study. Tissue sections for light microscopy were mounted on subbed slides and stained with the KluverBarrera method (1953) . Sections for electron microscopy were postfixed in 1% osmium tetroxide for 1.5 hr, stained en bloc with 1% uranyl acetate for 2 hr, and embedded in Epon between 2 sheets of Aclar. The flat-embedded sections were viewed in the light microscope, and, at the A-P level exhibiting the maximum growth of the transplanted tissue, small areas from the center ofthe graft and from the host caudate nucleus at least 1 mm away from the graft (saline-treated group only) were cut out and mounted on blank Epon blocks. The boundary between transplant and host was easily recognized in the osmium-treated plasticembedded sections (see Results; Fig. 4, a, b ). Semithick sections (1 wrn) were cut and mounted in series and stained with toluidine blue. Ultrathin sections were cut, mounted on Formvar-coated slot grids, stained with lead citrate, and examined in a Jeol 1OOCX electron microscope.
Synaptic density, synaptic length, and frequency of synaptic types.
Random photographs of graft and host neuropil were taken at 13,000 x (1 l-30 micrographs per transplant). A minimum of 2 grafts per age/ treatment were used in the analysis. Prints were made at a final magnification of 32.500 x The soecific usable area of each microaranh was measured (portions of cell bodies and large glial masses were deleted from the overall area). The total number of synapses in a given micrograph was then divided by the area of the micrograph, and values were normalized and expressed as the number of synapses/ 100 pm2. A total of 7935 synapses were counted in the implantsand 3282 in host caudate nucleus. Synapses were classified with respect to the following parameters: axospinous or axodendritic, symmetric or asymmetric. In order for a synapse to be counted in the tally, pre-and postsynaptic membrane thickenings, as well as vesicles near or touching the presynaptic membrane, had to be evident. Asymmetric synapses had postsynaptic membrane densities that were thicker than the presynaptic densities, whereas in the symmetric synapses, the membrane thicknesses were equal. All classifications were performed blind, the numbers on the micrographs being matched to their source only after the micrographs had been marked. The number of synapses within each category and the total number of synapses were tallied for each implant and host caudate. The lengths of synaptic junctions were measured using a digitizer. Synapses that were partially cut off or whose membrane limits were unclear were excluded from the total.
Statistical analysis. Throughout the study, each of the 2 implants from a given animal was treated independently. Grafts were grouped according to age and treatment (see Table 1 for the number of implants per group); samples of host caudate tissue were selected from 7 shamlesion hosts and pooled to form a single group. All quantitative data (except cross-sectional areas of neurons) were analyzed by a computer program, Statistical Analysis System (SAS Institute, Gary, NC). First, a 2-way ANOVA was used to determine whether age, treatment (saline or kainic acid lesion), or age/treatment interactions were present. If neither a treatment nor an interaction effect was evident, the data were then pooled within each age group and a l-way ANOVA was performed comparing data from the different-aged implants to the host group. If either the 2-or the l-way ANOVA showed a significant effect, Duncan's Multiple Range Test was performed in order to determine which pairs of means were significantly different.
Results

General histological features of the grafts
Examples of the grafts examined in this study are illustrated schematically in Figure 1 , which shows the largest and smallest grafts for each age/treatment condition and A-P level of maximum cross-sectional area. The coronal level in which a given implant exhibited its maximum cross-sectional area ranged from 2.2 to 4.0 mm anterior to bregma. Considerable variation existed in the overall size of the grafts, with individual values ranging from 0.5 to 3.7 mm2 in cross-sectional area. The mean values of the maximum cross-sectional areas of the implants at Quantitative methods used to study transplants and host caudate nucleus Cross-sectional area of the implants. The Kluver-Barrera-stained Table 1 . Implants also differed in their morphology, exhibiting a variety of irregular contours. Despite this diversity, however, the implants showed their greatest growth along the dorsoventral axis (Fig. 2~ ). The majority of the grafts also displaced the overlying cerebral cortex (Fig. 2b ). Grafted cells were frequently organized into clusters composed of larger or smaller cells (Figs. 2; 3, a-c) and showed more ,4 wk 8 wk intense Nissl staining than host caudate neurons (Fig. 3, 6 , c). Although usually more extensive in the kainic acid-lesioned rats, glial cells were visible along the boundaries with host caudate in most of the grafts (Figs. 2, a, b; 3b) . In one case, in which a glial cell border was not prominent at the light-microscopic level, a glial cell interface between the transplant and host caudate was seen at the electron-microscopic level. In the osmiumtreated, plastic-embedded sections used for electron-micro-scopic study (Fig. 4 , a, b) the implant zone had a paler appearance relative to host caudate because the grafts lacked the bundles of myelinated fibers found in the neostriatum. Some myelinated fibers were present within the transplant (see below for development of myelinated fibers); at levels where transplants extended dorsally through the corpus callosum and into cortex, myelinated fibers from the cortex appeared to extend ventrally and to traverse the implant zone for long distances (Fig. 4b) .
Size and frequency of neuronal populations. As in the neostriatum, the majority of neurons in the grafts were of medium size, as determined from measures of their longest somatic axes (1 O-24 pm). Medium-sized neurons in the grafts nevertheless appeared somewhat larger than host caudate cells, and in all age/treatment conditions their mean cross-sectional areas were significantly larger (Xs ranged from 172.4 f 10.9 pm2 for the 2 weekkainic acid group to 239.1 f 3 1.6 Mm* for the 48 week sham; Newman-Keuls test: p < 0.0 1) than those of host neurons (x= 141.8 pm* f 8.5).
The incidence of medium-sized neurons with indented nuclei (Fig. 5 ) was the same in both host treatment conditions, but increased significantly with the age of the graft (2-way ANOVA: F(3,18) = 6.95, p < 0.01) such that mean values were significantly different between 2, 12, and 44-48 weeks postimplantation (Duncan's Multiple Range Test: p < 0.05). The proportion of neurons with indented nuclei was significantly larger (lway ANOVA: F(4,28) = 13.4 1, p < 0.000 1; Duncan's Multiple Range Test: p < 0.05) in all of the implants (means ranged from 17 to 69%) than in host tissue (mean, 5%).
The frequency of large neurons (>25 pm in their longest somatic axis) (Fig. 6 ) varied considerably, with mean values in individual grafts ranging from 0% (2 weeks/sham) to 12% (12 and 48 weeks/sham). Statistical analysis showed that the proportion of large neurons was not significantly affected by host treatment and was significantly influenced by the age of the graft (2-way ANOVA: F(3,18) = 3.28, p < 0.05). The oldest implants (44-48 weeks) had a significantly higher frequency of large neurons than the 2 and 5-6-week-old implants (Duncan's Multiple Range Test: p < 0.05). The proportion of large cells in the 2 and 5-6-week-old grafts was comparable to host levels and was significantly higher (l-way ANOVA: F(4,28) = 2.95, p < 0.05; Duncan's Multiple Range Test: p < 0.05) in the 12 (means, 4.4%/sham and 2.4%/kainate) and 44-48 week implants (means, 7.6%/sham and 1.3%/kainate) than in host caudate (mean, 0.9%).
Electron-microscopic observations Tissue from 24 grafts was examined at the ultrastructural level. Qualitative differences in neuronal development and organization of fetal implants grown in saline-pretreated or kainatelesioned caudate nucleus were not discernible. Therefore, the following descriptions apply to implants grown under both host treatment conditions.
Neurons. At least 6 types of neurons were observed within the grafts 6-l 2 weeks postimplant (Fig. 7) . Small neurons (less than 10 pm) were frequently observed among clusters of glial cells. They contained many chromatin aggregates within and at the borders of their nuclei and a very thin rim of cytoplasm, which was sparsely filled with organelles. The small cells were postsynaptic to axon terminals. Three types of medium-sized neurons were found, they included neurons with unindented nuclei and a relatively sparse content of organelles (Fig. 7b) , neurons with indented nuclei and a relatively abundant proportion of cytoplasmic organelles (Fig. 7c ), and cells with unindented nuclei and numerous organelles, including Nissl bodies within the cytoplasm. There were 2 types of large neurons (>25 wm). One type (Fig. 7~2) was globular, had a markedly indented nucleus and an abundance of rough endoplasmic reticulum within its cytoplasm. The other type (Fig. 7d ) exhibited an elongated shape and a large, slightly indented nucleus. All types of medium-sized and large neurons received synaptic inputs to their cell bodies. Degeneration within the grafts. Degeneration in the form of electron-dense profiles was seen in the transplants grown in sham-or kainate-lesioned caudate at 2, 5-6, and 12 weeks after implantation (Fig. 8, a-c) . Different forms of dark degeneration were observed. Small, darkened profiles engulfed in glia were observed frequently (Fig. 8a) . They were not, however, clearly recognizable as neuronal structures. Dark, degenerating axon terminals (Fig. 8c) were also seen. Regions of the implant with heavy gliosis also contained dark profiles that were usually larger in size (up to 4 pm) and may have originated from ceil bodies (Fig. 86) .
Development and organization of myelin. Between 2 and 12 weeks postimplant there was an increase in the number of lamellae of myelin-ensheathing axons, in the overall number of myelinated axons present within the neuropil and in the overall size of fiber bundles composed of myelinated axons (Fig. 8, d f). At 2 weeks postimplant, only immature (Fig. 86 ) or thinly myelinated (Fig. 8e ) fibers could be found sparsely distributed throughout the transplants. By 6 weeks individual myelinated fibers appeared throughout the implant neuropil and were also organized into small bundles. Some of the myelinated axons in 6 week transplants and older grafts gave rise to terminal or en passant swellings that contained round vesicles and formed asymmetric synapses with dendrites and spines (Fig. 12, a, b) . By 12 weeks, both thinly and thickly myelinated fibers 0.5-l .5 pm in diameter were present throughout the implant neuropil and were organized into larger bundles (Fig. 8f) .
Two-week-graft neuropil. At 2 weeks postimplant there was considerable evidence of immaturity and active growth within the grafts. The neuropil (Fig. 9 ) contained many pale, vacuolefilled profiles, axon terminals with relatively few vesicles (Fig.  9a) , and relatively large extracellular spaces (Fig. 96) . Dendritic growth cones were observed and numerous polyribosomes were found within both large and small dendrites (Fig. 9b) . Most of the axon types were not easily categorized at this stage and appeared fewer in number than in the older implants. The frequency of contact sites (accumulation of dense material) between neuronal profiles appeared low relative to that ofthe older grafts. Many of the junctions were immature because relatively few or no vesicles appeared presynaptically at contact zones. Dendrites with spines ( Fig. 9b) and smooth-surfaced varicose dendrites (Fig. 9d) were present and received a sparse input of mature synapses of both symmetric and asymmetric types. In some locations within the neuropil, clusters of 4-5 synapses formed by small neuronal profiles were observed (Fig. SC) . Few mature synapses onto cell bodies were found, and those present involved mostly medium-sized neurons with indented nuclei.
Five-six-week-implant neuropil. A striking change in the appearance of the neuropil occurred between 2 and 5-6 weeks postimplantation (Fig. 10) . At 5-6 weeks, numerous spiny dendrites (Fig. lOa) and smooth dendrites of large diameter (Fig. Figure 4 . Osmium-treated, plastic-embedded sections from a 6-week-old graft in a sham-lesioned host caudate nucleus. a, Graft (G) is clearly distinguished from host by its paler staining and the absence of myelinated axons that stain black and form bundles distributed throughout the host caudate nucleus (cd). b, Graft extends through the corpus callosum (cc) into the cortex. A band of myelinated fibers (arrows) courses through the transplant and may originate from the cortex or corpus callosum. Scale bar, 1 mm. lob) were found throughout the neuropil. Axonal boutons were filled with vesicles and different types of axon terminals were easily recognized. Contacts between neuronal profiles were more frequent and most appeared to be mature synapses. Synapses onto most types of cell bodies were seen, and some somata received a high density of synaptic inputs. Two patterns of synaptic organization emerged in the neuropil of the 5-6 week striatal transplants. The first and predominant synaptic pattern consisted of axon terminals making synaptic contacts with numerous dendritic spines and the shafts of small dendrites (Fig.  lOa) . The second and less frequent type of synaptic organization involved the ensheathment of dendrites and spinelike processes by numerous synaptic boutons (Fig. 10, b, c) . The 2 types of synaptic architecture could be found within the same ultrathin section, but usually in separate regions of the neuropil rather than intermixed.
Twelve week and 44-48 week implants. The 2 patterns of synaptic organization that began to emerge in the 5-6 week grafts also appeared in the 12 week and older (44-48 week) transplants. The more predominant pattern was characterized by numerous synapses onto the spines and shafts of small dendrites (Fig. 12a) .
The less frequent pattern was the ensheathment of large and small dendrites by numerous synapsing boutons (Fig. 12b) .
Types of synapses and bouton types present within the implant.
In the 6 and 12 week implants, a surprising variety of synaptic interactions and bouton types became established (Figs. 10, 12 , (Fig. 13, b, d ), primary formed an asymmetric synapse with spines and dendritic shafts dendrites, the shafts of dendrites ( Fig. 12~ ) and large boutons (2-3 pm) that were sparsely filled formed (symmetric or asymmetric) suggested that at least 5 types with vesicles ( Fig. 12&J . Axon terminals forming symmetric of axon terminals forming symmetric synapses and 3 types of membrane densities included small boutons (0.5 pm) densely boutons forming asymmetric synapses were present within the filled with highly pleomorphic vesicles (Fig. 13a) , small boutons Figure 6 . Frequency of large neurons expressed as a mean percentage of total neurons sampled for each age/treatment and in host caudate nucleus (n = 7). The number of grafts examined for each age/treatment is the same as in Table 1 . Mean for 2 weeks/sham = 0%. ANOVA with post hoc Duncan's Multiple Range Test showed 44-48 week group different from 2 and 5-6 week implants with p < 0.05 and 12 and 44-48 week grafts different from host at p < 0.05.
44-40
Age of Implants (0.5 Mm) sparsely filled with round and ovoid vesicles (Figs. 12e,  13c ), medium-sized boutons sparsely filled with pleomorphic vesicles (Fig. 128 , medium-sized (l-l.5 pm) axon terminals with pleomorphic vesicles and numerous mitochondria (Fig.  13b) , and medium to large (> 2 pm) boutons with mostly round clear vesicles and numerous dense-core vesicles (Fig. 13d) . Density of synapses. The type of treatment to host caudate (kainic acid or saline) did not significantly affect the density of synapses in the implants (Fig. 14) . Synaptic density in the transplanted tissue appeared to change significantly with the age of the graft (%-way ANOVA: F(3,16) = 14.48, p < O.OOOl), was significantly lower in the 2-week-old implants than in the older grafts (Duncan's Multiple Range Test: p -C 0.05), and was at a maximum level by 5-6 weeks. Although mean values were slightly lower, synaptic density in the 12-week-old transplants was statistically comparable to that in the 5-6-week-old implant neuropil. In the 44-48 week transplants, the density of synapses dropped significantly (Duncan's Multiple Range Test: p < 0.05) from that of the 5-6 week grafts.
Synaptic density of the 5-6 week transplants was comparable to that of host caudate neuropil and was significantly lower (lway ANOVA: F(4,26) = 19.94, p < 0.000 1; Duncan's Multiple Range Test: p < 0.05) than host neuropil in the 2, 12, and 44-48 week transplants.
Types of synapses. The frequency of axodendritic synapses in the implants was not significantly affected by the type of lesion made in host caudate nucleus (Fig. 15) . The age of the graft also had no effect on the proportion of axodendritic synapses, with the exception of the 44-48 week grafts, which, on post hoc analysis (Duncan's Multiple Range Test: p < 0.05) had a mean percentage significantly larger than that ofthe 5-6-and 12-weekold transplants. The proportion of axodendritic synapses was not significantly higher in the 2-week-old implants than in the 5-6 week group. The frequency of axodendritic synapses in the transplants of all ages was signficantly larger (means, 28-58%; l-way ANOVA: F(4,26) = 7.65, p < 0.001) than in host neostriatum (mean, 20%).
The frequency of asymmetric axodendritic synapses in the striatal implants (Table 2A) did not vary signficantly with host treatment or with the age of the implants. However, asymmetric axodendritic synapses were significantly higher (1 -way ANOVA: F(4,26) = 8.86, p < 0.0001; Duncan's Multiple Range Test: p < 0.05) in frequency in the grafts than in host tissue. The frequency of asymmetric axospinous synapses in the grafts (Table 2B) did not differ significantly from that in host caudate neuropil.
Lengths of synaptic contacts. A small but significant interaction effect (age x treatment: F(3,16) = 3.43, p -C 0.05; Duncan's Figure 12 . a, A myelinated axon (My) gives rise to a bouton with round vesicles and forms an asymmetric synapse (arrow) with dendrite. Taken from a 6 week transplant in sham-lesioned host. b, Bouton with round vesicles is similar to the axon terminal shown in a and forms asymmetric synapse (arrow) with a dendritic spine. Another bouton, also with round vesicles, arises from a small-diameter myelinated axon (My). Boutons of this type, which form asymmetric synapses, were the most frequently observed in the transplant neuropil and are comparable in size and appearance to axons observed in the neostriatum. Taken from 12 week transplant in a sham-lesioned host. c, Axon terminal densely packed with round vesicles forms an asymmetric junction with prominent postsynaptic dense bodies (arrowhead). Subjunctional dense bodies have been observed more ANOVA with post hoc Duncan's Multiple Range Test showed that for dendrites (A) grafts of all ages were significantly different from host @ < 0.05). n, Number of grafts.
Multiple Range Test: p < 0.05) showed that the 2 and 12 week transplants in host animals treated with kainic acid had significantly longer synaptic junctions on their dendrites than those receiving sham lesions (Table 3 , column 2). By contrast, the lengths of synaptic junctions on spines did not differ significantly by age or host treatment (Table 3 , column 3). The mean lengths of axodendritic and axospinous synapses in the implants did not differ significantly from those of host caudate tissue.
Discussion
The results of this study showed that fetal day 17-18 striatal neurons can develop a complex ultrastructural organization within 5-l 2 weeks following implantation into a sham-lesioned or kainic acid-lesioned adult host caudate nucleus. This organization included the development of at least 6 morphological cell types and 8 types of axon terminals that formed asymmetric and symmetric synapses with a diverse group of postsynaptic targets. Quantitative methods further revealed that, following implantation into the caudate nucleus, fetal striatal cells (1) showed significant changes in synaptic organization between 2 and 48 weeks following implantation, (2) exhibited both similarities to and differences in neuronal organization from the neostriatum, and (3) differentiated as well in host neostriatum that was previously lesioned with kainic acid as in host that was injected with vehicle only. Striatal grafts at the light-microscopic level differed histologically from the surrounding host caudate nucleus. Many neurons within the transplants were found in clusters, and medium-sized somata had significantly larger cross-sectional areas. Grafted striatal neurons within clusters (Walker et al., 1987) and with "somewhat larger" somata (McGeer et al., 1984) have also been observed in other studies of striatal grafts. The absence of bundles of myelinated axons in striatal transplants as compared in host caudate has also been observed in striatal grafts originating + from fetuses younger than those used in this study (Isacson et al., 1985) . Differences between striatal graft and adult host caudate have also been noted in the distribution of AChE activity (Sanberg et al., 1986; Walker et al., 1987) and catecholamine fluorescence (Pritzel et al., 1986) .
Some features that characterized the developing striatal grafts have been observed in ultrastructural studies of the early postnatal neostriatum (Tennyson et al., 1972; Tanaka and Alexander, 1978; DiFiglia et al., 1979 DiFiglia et al., , 1980a . As in the grafts, growth cones, immature synapses, and numerous cisterns and ribosomes within spiny dendrites have been observed in the developing caudate nucleus. Similarly, the neuronal degeneration observed in the striatal transplants has been described in the early postnatal neostriatum (Mensah, 1978; DiFiglia et al., 198Oa) . Cell death has been thought to result from a process of neuronal remodeling occurring in the course of normal development of the nervous system (Cowan et al., 1973) . As was also seen in the early postnatal caudate nucleus (Tennyson et al., 1972; Hattori and McGeer, 1973; DiFiglia et al., 1979 DiFiglia et al., , 1980a , synaptic density in the implants increased, with a significant change occurring between 2 and 6 weeks following implantation. The decline in the density of synapses that was observed in the older transplants has not been described in studies of the neostriatum and also suggests that transplants may continue to undergo marked changes in synaptic organization over relatively long periods of time. Other evidence in this study indicating long-term changes in the transplants includes a significant increase in the older grafts in the occurrence of large neurons and in the proportion of axodendritic synapses.
The ultrastructure of fetal striatal transplants showed a greater maturation than that observed for striatal neurons in vitro (Panula et al., 1979; Whetsell et al., 1979) . The 6 types of neurons found in the grafts were more differentiated and had more axosomatic synapses than did the 4 neuronal types described in frequently in association with asymmetric synapses in the globus pallidus (DiFiglia et al., 1982, Fig. 26) . Taken from a 48 week transplant in shamlesioned caudate nucleus. d, A large bouton (ax) contacts a thomlike dendritic protrusion (t), where it forms an asymmetric synapse with prominent postjunctional bodies (arrowhead). Synapses of this type have been observed in the globus pallidus (DiFiglia et al., 1982, Fig. 16 ). e, Bouton with round vesicles forms an asymmetric synapse with spine (s) and is adjacent to another terminal with pleomorphic vesicles, which makes a symmetric synapse with a dendrite at arrow. Taken from a 12 week transplant in sham-lesioned host caudate nucleus. f; A medium-sized bouton (ax) sparsely filled with small pleomorphic vesicles forms a synaptic contact (arrow) with a large dendrite. Taken from 12 week transplant in a kainate-lesioned host caudate nucleus. Scale bar, 0.5 pm. Age of Implants (Weeks) dissociated striatal cultures (Panula et al., 1979) . The most striking difference between grafted and cultured striatal neurons was the presence of numerous axospinous asymmetric synapses in the transplants and their absence in both dissociated (Panula et al., 1979) and organotypic (Whetsell et al., 1979) striatal cultures. One possible reason for the lack of asymmetric axospinous synapses in culture is the absence ofappropriate striatal afferents to stimulate the development of spines and their synapses. In fact, when organotypic striatal cultures were grown in the presence of a cortical explant, they developed both spines and axospinous synapses (Whetsell et al., 1979) . Measures of synaptic density confirmed the remarkable degree of neuronal differentiation apparent within striatal grafts. The density of synapses in the 5-6 week transplants was statistically comparable to that in the neostriatum (93% of the density of the neostriatum). Compared to the host caudate nucleus, the density of synapses in the 12-week-old grafts was somewhat lower (78% of neostriatal values) and significantly lower at 2 weeks (34% ofthe neostriatum) and 44-48 weeks (58.5%). These results suggest that fetal striatal cells are maximally developed between 5 and 12 weeks following implantation. Regardless of the age of the grafts, however, the lengths of their synaptic junctions (except for axospinous junctions in the 5-6 week transplants) were the same as those in the caudate nucleus. This finding, together with the presence of numerous vesicles in presynaptic axons in the grafts, suggests that synaptic activity at individual synapses may be similar to that in the neostriatal neuropil.
Our ultrastructural findings support previous observations, using Golgi methods, that neurons with numerous spine-laden dendrites are present in striatal grafts (McAlliister et al., 1985) . In the neostriatum, the majority of synaptic inputs to spines, which constitute more than 80% of all synapses (Pasik et al., 1976) are of extrinsic origin and form asymmetric synapses (Kemp and Powell, 1971; Hattori et al., 1973; Chung et al., 1977; Hassler et al., 1978; . It seems likely Host Figure 14 . Density of synapses (expressed as number of synapses per 100 Km' of neuropil) for each age and treat.. ment condition and in host caudate nucleus (n = 7). The number of grafts examined in each age/treatment group is the same as in Table 1 (except for 5-6 weeks/kainic acid, where n = 2). AN-OVA with post hoc Duncan's Multiple Range Test showed 2 week to be different from 5-6 and 44-48 week groups (p < 0.05), and 2, 12, and 44-48 week groups different from host @ < 0.05). KA, kainic acid.
that some of the axons that made asymmetric contact with spines in the transplants arose from extrinsic sources. There is evidence based on retrograde labeling with HRP for the existence of afferent inputs to striatal grafts, largely from the substantia nigra and, to a lesser extent, from the thalamus and cortex (Pritzel et al., 1986) . Histochemical fluorescence of catecholamine fibers in striatal transplants supports a possible dopaminergic innervation from the substantia nigra (McGeer et al., 1984; Pritzel et al., 1986) , and dopamine receptors have been found on transplanted striatal cells (Deckel et al., 1986b) . Our observation that myelinated fibers appeared to enter the transplants from the cerebral cortex is consistent with evidence for a cortical afferent input (Pritzel et al., 1986) . Our results also suggested that the axons of intrinsic host caudate neurons do not contribute significantly to the synaptic organization of the Table 1 (extent for 5-6 weeks/kainic acid groups, where n = 2 grafts). ANOVA with post hoc Duncan's Multiple Range Test showed the 4448 week to be significantly different from 5-6 and 12 week groups (p < 0.05), and all age groups to be different from host neostriatum @ i 0.05). KA, kainic acid.
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transplants. The ultrastructural appearance of the transplants grown in a host caudate lesioned with kainic acid, which has been shown at concentrations similar to those used in our study to cause considerable loss of striatal neurons and to spare afferent fibers (Coyle et al., 1978) did not differ qualitatively or, for the most part, quantitatively from that of implants surviving in a saline-treated host.
Our findings also showed some significant differences in neuronal characteristics between the striatal grafts and the caudate nucleus. The proportion of medium-sized neurons with indented nuclei was significantly higher in the implants (17-69%) than in the neostriatum (5%). As previously described (Graveland and DiFiglia, 1985) and confirmed in this study, mediumsized neurons with indented nuclei constitute a small proportion of the cell population of the rat neostriatum. Cells with this morphology belong to a class of aspiny interneurons (DiFiglia et al., 1980b; DiMova et al., 1980) and contain a variety of putative transmitters (DiFiglia and Aronin, 1982; Bolam et al., 1983 Bolam et al., , 1985 Takagi et al., 1983) . Whether all neurons with indented nuclei in the grafts correspond to aspiny neurons in the neostriatum is not clear and requires further investigation. A combined Golgi-electron-microscopic study could determine whether neurons with indented nuclei in the implants have spinefree dendrites and whether the immunohistochemical localization of somatostatin, neuropeptide Y, or nicotinamide adenine dinucleotide phosphate (NADPHwiaphorase activity would provide further evidence, since these substances are found exclusively in neostriatal aspiny cells (DiFiglia and Aronin, 1982; Takagi et al., 1983; Vincent and Johansson, 1983) . We have recently observed that grafted cells with NADPH-diaphorase activity comprise 1.4-6.7% (per histological section) of the total striatal cell graft population and have indented nuclei (Roberts et al., 1987) . These results suggest that there is about the same proportion of NADPH-diaphorase active neurons in the grafts as in the neostriatum, and that many neurons with indented nuclei in the grafts may differ functionally from neostriatal cells with the same nuclear morphology. On the other hand, the much higher proportion of axodendritic synapses, or, conversely, the lower frequency of axospinous synapses in the grafts, compared to in the neostriatum, could be explained by a higher incidence of aspiny neurons in the grafts. Alternatively, it may be that some spiny neurons in the grafts have fewer spines than neostriatal spiny cells, a possibility that has some support from Golgi studies of striatal grafts (McAllister et al., 1985) . The much higher proportion of axodendritic synapses with asymmetric contacts in the grafts (58-75%) than in the host neuropil(38%) may also reflect an important functional difference, since asymmetric contacts have been associated with excitatory activity. Some ultrastructural features of the transplant neuropil, including dendrites and long, spinelike processes ensheathed by synapsing axon terminals, asymmetric synapses with prominent postjunctional bodies, rodlike synapses, and synaptic contacts between vesicle-containing profiles, have been infrequently or rarely, if ever, observed in neostriatal neuropil. Interestingly, all of these features of the grafts are more characteristic of the globus pallidus (Adinolfi, 1969; Kemp and Powell, 197 1; Fox et al., 1974; Fox and Rafols, 1976; . Although the globus pallidus has been thought to derive from the embryonic basal plate of the diencephalon, the proximity of the pallidal adage to the ventricular elevation, specifically the ventral portion of the medial elevation, has raised speculation that pallidal cells could arise from this source (see review and discussion by Smart and Sturrock, 1979) . If this is so, then the pallidal-like architecture seen in the transplants may be accounted for in part by the presence of some presumptive pallidal neurons in the fetal tissue used for grafting. A pallidal origin might also explain other features of the grafts that are characteristic of the globus pallidus, such as the prevalence of neurons with indented nuclei and large somal sizes (Adinolfi, 1969; Fox et al., 1974; Fox and Rafols, 1976; . It is of interest that different clusters of "pallidal-like" or "neostriatal-like" AChE-containing neurons have been described within In summary, the present findings demonstrate that fetal day 17 striatal tissue implanted into adult host neostriatum develops a complex ultrastructural organization that is qualitatively similar whether the host caudate was previously injected with saline (sham condition) or lesioned with kainic acid. The striatal grafts were more differentiated than striatal cells in vitro, appeared mature by 5-6 weeks postimplant, and remained intact up to 48 weeks. The synaptic architecture of the grafts had a neostriatal-like organization to the extent that it contained a high density of synapses onto spines. As in the caudate nucleus, axons that synapse with spines in the transplants may arise from extrinsic afferents. The presence in the transplant neuropil of other neuronal and synaptic features that were less characteristic of the neostriatum suggests that some functional properties of the grafts may differ from those of the neostriatum.
The interpretation of results in biochemical and behavioral studies of striatal transplants must take into account their unique morphology.
